Abstract The administration of neuroleptics in animal models has been extensively reported and plays an important role in the study of schizophrenia. Our study was designed to address the following questions: (1) Is it possible to achieve steady-state receptor occupancy levels administering neuroleptics in drinking water? (2) Is there an appropriate dose to obtain clinically comparable receptor occupancies? (3) Is there a correlation between plasma drug levels and receptor occupancy? Thus, we tested three neuroleptic drugs administered in drinking water for 7 days. Plasma drug levels were measured, and in vivo receptor occupancy assays were performed in order to determine peak and trough dopamine D 2 receptor occupancies in striatal brain samples. Overall, our study indicates that in rodents the administration of appropriate doses of haloperidol and olanzapine in drinking water achieves receptor occupancies comparable to the clinical occupancy levels, but this appears not to be the case for clozapine.
Introduction
The use of animal models in schizophrenia research and specifically in studies involving antipsychotic drug (APD) treatments is very frequent, and such studies are crucial for understanding the mechanisms of action and side effects of these medications (see review by Lipska and Weinberger 2000) . However, modeling APD treatment in animals is complicated by several factors including differences in drug metabolism across species, evaluation of the efficacy of the drugs, the route of drug administration and the achievement of clinically relevant doses. For instance, metabolism of antipsychotic drugs (APDs) in rodents is four to six times faster than in humans, and may also vary with different routes of drug administration (Cheng and Paalzow 1992; Baldessarini et al. 1993; Aravagiri et al. 1997; Bezchlibnyk-Butler and Jeffries 1999) . Most of the symptoms (i.e., delusions and hallucinations) in patients treated by APD cannot be modeled in animals, which makes evaluation of drug efficacy very difficult (Lipska and Weinberger 2000) . Measurements of D 2 receptor occupancies in the brain have been used as a surrogate of drug efficacy in animal models (Kapur et al. 2003) , even though the majority of APDs do not interact exclusively with the D 2 receptor (Kapur and Seeman 2001) , and other receptors most likely play a role in APD performance (Kapur and Seeman 2001; Kapur et al. 2003) .
Several methods of drug administration have been extensively used in animal models, each of them with their particular strengths and weaknesses. For example, the administration of drugs by various injection techniques are very accurate in determining the amount of drug delivered, but can produce a high rate of stress to the animals in multi-dosing experiments (Stahle and Ungerstedt 1986; Schmitt et al. 1999; Schleimer et al. 2005 ) and large differences in drug availability between injections (see Kapur et al. 2003) . Another widely used approach is the use of osmotic mini-pumps since this methodology reduces the stress associated with repeated injections and handling, which could alter the subject's behavioral profile (Mitchell and Redfern 2005) . However, this later method could be difficult to use in large-scale experiments, as suggested by the study by Kapur et al. (2003) , and may be inappropriate for the delivery of some APDs like clozapine or quetiapine. Finally, the administration of drugs in drinking water has been also extensively used (see, i.e., Tamminga et al. 1990; Kaneda et al. 1992; Roberts et al. 1995 Roberts et al. , 2002 Gao et al. 1997 Gao et al. , 2005 Kelley et al. 1997; Roberts 2001; Sakai et al. 2001a, b; Roberts and Lapidus 2003; Kelley and Roberts 2004) , whose major strengths include the avoidance of environmental stressors and the similarity of administration to the clinical situation. Although, in order to obtain an accurate measurement of the dose of the drug administered, close monitoring of water intake and other parameters such as plasma drug levels are necessary.
In order to obtain data as comparable as possible to the clinical situation, the use of the appropriate drug doses and method of administration should be priorities in such studies. Despite the critical importance of these issues, numerous studies have neglected them, leading to potentially confounding and misleading conclusions (see Kapur et al. 2000 Kapur et al. , 2003 . An elegant study by Kapur et al. (2003) addresses this issue for some of the most commonly used APD administered through subcutaneous injections and mini-pumps, but no information about oral treatments was given. Thus, the present study was designed to determine the accuracy of administering APDs in drinking water, the reliability of achieving clinically relevant D 2 receptor occupancies, and the validity of measuring plasma drug levels as an indicator of receptor occupancy. This work has been presented in preliminary form (Perez-Costas et al. 2005 .
Materials and methods

Animals
Adult male Sprague-Dawley rats [n = 90, 10 animals per treatment group, 5 per treatment subgroup] (Charles River, Wilmington, MA, USA), weighing 175-200 g at the beginning of the experiment were individually housed in transparent polycarbonate cages, and maintained in a 12 h light-dark cycle (lights turned on at 7:00 AM and turned off at 7:00 PM) with access to food and water ad libitum. All procedures were carried out in accordance with an experimental protocol approved by the Institutional Animal Care and Use Committee of the University of Maryland School of Medicine (Baltimore). Water consumption was monitored daily in order to calculate average water consumption for the preparation of drug solutions to be delivered in drinking water.
Drug dose selection and preparation Drug doses were selected following several criteria: for haloperidol we chose doses that have been previously used in published work by our group (Kelley et al. 1997; Roberts et al. 2002; Roberts and Lapidus 2003; Kelley and Roberts 2004) , and that have also been frequently reported in treatments in rodents (see, i.e., Gao et al. 1997; Schleimer et al. 2005; Ceresoli-Borroni et al. 2006; Pillai and Mahadik 2006; Rosengarten et al. 2006; Terry et al. 2006) . Clozapine doses were chosen based on frequently used doses and previous studies that reported significant plasma drug levels using this antipsychotic in rodents Schmitt et al. 1999 Schmitt et al. , 2004 Weigmann et al. 1999; Ossowska et al. 2002; Schleimer et al. 2005; CeresoliBorroni et al. 2006) . Finally, in the case of olanzapine we chose three doses (2, 4 and 5 mg/kg/day) based on the doses previously used in rodent treatment by our group and others (Roberts 2001; Pouzet et al. 2003; Fell et al. 2005; Pillai and Mahadik 2006) , and unpublished data from our group that indicate that doses between 4 and 5 mg/kg/day produce significant plasma drug levels of olanzapine.
Haloperidol was purchased from Sigma-Aldrich (St. Louis, MO, USA), clozapine was kindly provided by Novartis (Basel, Switzerland) and olanzapine was kindly donated by Eli Lilly and Co, (Indianapolis, IN, USA). All drugs were dissolved in a minimum volume of glacial acetic acid, the solution was further diluted with drinking water, and the pH was adjusted using 10 N NaOH to the normal pH of the drinking water (pH ranged between 6 and 6.25).
Drug treatments
Animals (n = 90, each treatment group n = 10) were housed in our animal facility and allowed an adaptation period of 1 week. After that, they were randomly assigned to different treatment groups (see Table 1 for treatment groups and doses). All drugs were delivered in drinking water taking into account the average daily water consumption of each animal during the prior 7 days of adaptation.
Water consumption monitoring
Animals were treated for 1 week, water consumption was monitored daily, and the dose of the drug was adjusted daily on the basis of water consumption (see Table 1 for targeted dose and actual dose delivered). Control animals received water from the same source than the water used for the dilution of the drugs. For water consumption monitoring animals were provided everyday with an initial volume of 100 ml, measuring everyday at the same hour the remaining volume in the bottle using a graduated cylinder. Freshly prepared solutions were provided everyday.
Catalepsy test
A bar catalepsy test was performed on all animals at 3 different time points during the study: before the beginning of the treatment (baseline), the third day of treatment, and the last day of treatment. This test has been successfully used to measure catalepsy in rodents (see, i.e., Prinssen et al. 1999; Kleven et al. 2005) . Briefly, the forelimbs of the animals were placed on a horizontally placed, cylindrical bar (diameter 1.25 cm) at a height of 10 cm and the time that the forelimbs remained on the bar was determined for a period of 30 s. For each testing period the test was repeated 3 and 6 min after the first test, in order to calculate the mean value of the time that the forelimbs remained on the bar. All animals were tested during the light cycle and returned to their home cage between tests. D 2 receptor binding potential and occupancy After 1 week of treatment, animals were randomly selected from each group and euthanized for determination of either peak or trough occupancies. Peak was considered as the occupancy levels that animals had during the most active period in a 24 h time span. Thus, for the measurement of peak occupancies, animals were euthanized 6 h after the dark cycle started. Trough was considered the occupancy levels that animals will have during a low-active period in a 24 h time span. Thus, for the measurement of trough occupancies, animals were euthanized 6 h after the light cycle started.
In all cases, 30 min before euthanasia each animal was injected in the tail vein with 7.5 lCi of [3H] raclopride (Amersham Biosciences, Pittsburgh, PA, USA) diluted in 0.4 ml of 0.9% NaCl. After that, animals were decapitated, the brains were immediately removed from the skull, and the cerebellum and striatum were dissected out and collected separately. Striatal and cerebellar (control tissue lacking D 2 receptors) samples from each animal were weighed, diluted 1:10 in distilled water and homogenized. Total protein concentration was calculated for each of these samples using the Lowry method (Lowry et al. 1951) . The same amount of protein sample (based on total protein concentration) for each specimen was used. Thus, 2 ml of solvent NCS-II (Amersham Biosciences) were added to each sample and incubated on a shaker for 2 h. After that, 10 ml of BCS-NA scintillation fluid (Amersham Biosciences) were added to each sample. [3H] raclopride radioactivity was measured using a Packard 2200CA liquid scintillation analyzer. Striatal and cerebellar counts were obtained and expressed as disintegrations per minute per milligram of protein (DPM/ mg). The D 2 receptor binding potential (D 2 BP) was obtained for each animal using the following formula: [(striatum DPM/mg -cerebellum DPM/mg)/cerebellum DPM/mg]. The receptor occupancy for each rat was determined with reference to the D 2 BP in the control group (animals that did not receive any drug in their drinking water) by applying the previously published formula [% OCCUPANCY = 100 9 (Farde et al. 1988; Kapur et al. 1999 Kapur et al. , 2003 .
Plasma antipsychotic levels
At the time of euthanasia trunk blood samples from each animal were collected in blood sample tubes containing EDTA. Blood samples were centrifuged for 10 min at 2,000g at 4°C, and the resulting plasma was stored at -20°C. Plasma drug levels were measured at the Analytical Psychopharmacology Laboratory of the Nathan Kline Institute (Orangesburg, NY, USA). In brief, plasma levels of haloperidol were determined using a modified gas-liquid chromatography method that quantifies haloperidol and reduced haloperidol as a major metabolite (Bianchetti and Morselli, 1978) . Clozapine and its inactive metabolite norclozapine were measured using high-performance gas chromatography with electrochemical detection (Simpson and Cooper 1978) . Finally, plasma levels of olanzapine were detected using high performance liquid chromatography (Catlow et al. 1995) .
Statistics
For each treatment group and subgroup, mean values and standard deviation were obtained for receptor occupancy as well as for plasma drug levels measurements. Unpaired t tests were performed in order to compare the receptor occupancies achieved in subgroups of animals treated with the same doses of antipsychotic drugs, but euthanized at peak versus trough. The same kind of test was used to compare the occupancy values achieved between two groups of animals treated with two different doses of the same drug (haloperidol or clozapine). Oneway ANOVA analysis was used to compare receptor occupancies achieved when more than two different doses were tested (olanzapine). In addition, a correlation analysis between receptor occupancy achieved and plasma drug levels obtained was also performed.
Results
For all drugs and doses tested the actual dose achieved (based on the data obtained monitoring daily water consumption) was slightly higher than the targeted dose (Table 1) .
Catalepsy test
In our study none of the animals in any treatment group developed cataleptic symptoms. In fact, in all cases, animals showed a total lack of delay in removing their paws from the wooden bar in the catalepsy bar test.
Since all rats removed their paws immediately data are not shown.
D 2 receptor occupancy
The D 2 receptor occupancies are presented in Table 2 and Fig. 1a-c for the comparison between different doses of the same drug, as well as for the comparison of occupancies achieved at peak and trough with the same doses.
Peak versus trough receptor occupancies
Haloperidol For both doses used, t test analysis of receptor occupancies showed statistically significant differences between the peak and trough subgroups of animals treated with the same dose (Fig. 1a) . Despite these statistically significant differences, the mean values of D 2 receptor occupancy were in all cases in the range or above the range reported in clinical situations (Table 2) .
Clozapine Unpaired t test revealed that there were significant differences between the peak and trough subgroups at both doses used (Fig. 1b) . Neither of the doses used achieved clinically comparable D 2 receptor occupancies. Moreover, the mean occupancy values showed high (Kapur et al. 2003) variability, as reflected by the presence of high standard deviation values (Table 2) .
Olanzapine There were no significant differences in receptor occupancy levels between the peak and trough subgroups for any of the three doses used (Fig. 1c) . None of the doses used achieved occupancies in the clinically comparable range, but the higher doses yielded mean occupancy values that were closer to the clinical level ( Table 2) .
Comparison of receptor occupancies achieved using different drug doses
For the analysis of these data, the peak and trough subgroups of each treatment dose were pooled together to include in the analysis the variability that would be present in receptor occupancies along a 24 h time period.
Haloperidol There were no significant differences in receptor occupancy (P [ 0.7) between the two doses (Fig. 1a , Table 2 ). Furthermore, the mean receptor occupancies of both doses were in the clinically comparable range (77.11% for the 1.5 mg/kg/day group, and 78.68% for the 2.0 mg/kg/day group). The variability within the same treatment group was small as indicated by the presence of small values for the standard deviation (Table 2) .
Clozapine There were no significant differences between the two treatment groups (P [ 0.4). Neither dose achieved receptor occupancy levels that could be considered in or close to the clinically comparable range (Fig. 1b, Table 2 ). In addition, the variability within each dose and subgroup was very high as demonstrated by the presence of very high standard deviation values (Fig. 1b, Table 2 ).
Olanzapine One-way ANOVA comparison of the receptor occupancies obtained for the three tested doses showed a trend towards a statistically significant difference (P \ 0.065). Then, unpaired t tests showed a significant difference (P \ 0.035) only between the 2 and 5 mg/kg/ day groups (Fig. 1c) .
Plasma drug levels and their correspondence with receptor occupancies
Haloperidol
Plasma drug levels showed higher mean values in the peak than in the trough groups (Table 2 ; Fig. 2a ). There were no significant differences in plasma levels between the two doses used. These results coincide with the ones obtained for the receptor occupancy measurements. In addition, an analysis of the correlation between plasma levels and receptor occupancy achieved showed a very high correlation between these two parameters (Pearson's correlation [ 79.5% for both treatment doses).
Clozapine
Plasma levels of clozapine were higher in animals in the peak subgroups than in the trough subgroups (Table 2 ; Fig. 2b ). Drug plasma levels tended to be different when comparing animals treated with 20 versus 40 mg/kg/day (P \ 0.06). Correlation analysis comparing plasma levels and receptor occupancy data for each treatment group revealed poor correlations (Pearson's correlation was 35.45% for the 20 mg/kg/day group and 20.78% for the 40 mg/kg/day group).
Olanzapine
Peak subgroups presented higher plasma drug levels than the trough subgroups of animals treated with the same dose of olanzapine, and mean plasma levels were higher in the groups of animals treated with the higher doses (Table 2 ; Fig. 2c ). One-way ANOVA comparison revealed non significant differences in plasma levels among the three doses. On the contrary, unpaired t test analysis comparing the different treatment groups (2 vs. 4 mg/kg/day, 2 vs. 5 mg/ kg/day, 4 vs. 5 mg/kg/day) revealed significant differences in plasma levels between the 2 versus 5 mg treatment groups (P \ 0.03), and a trend to significant differences in the 2 versus 4 mg groups (P \ 0.055). No significant difference was found between the plasma levels obtained for the 4 and 5 mg treatment groups (P [ 0.89). These results are in accordance with the ones obtained for the receptor occupancy measurements (see above). The analysis of the correlation between plasma levels and receptor occupancy achieved showed a very high correlation between these two parameters (Pearson's correlation [ 70% for all the treatment doses).
Discussion
In this work we have analyzed the D 2 receptor occupancy levels in adult male rats in which three different antipsychotic drugs (haloperidol, clozapine and olanzapine) were administered orally in drinking water. In our study none of the animals in any treatment group developed cataleptic symptoms, a result that indicates that a progressive intake of the drug reduce the possibility to develop undesirable cataleptic side effects. The absence of catalepsy in the haloperidol treated animals is consistent with the fact that none of the animals reached the threshold of D 2 receptor occupancy (93% and above) reported as cataleptic in previous dose studies in rats (Wadenberg et al. 2001) . The analysis of our data demonstrates that the administration of haloperidol or olanzapine in drinking water using proper doses is a reliable method to obtain steady- Fig. 1 Graphs showing D 2 receptor occupancies achieved at peak and trough time points. a Haloperidol: note the high occupancy levels present even at trough with the two doses tested. Significant differences in receptor occupancy were found between the peak and trough groups of each dose used (*P \ 0.01). b Clozapine: Statistically significant differences in receptor occupancy were found between the peak and trough groups of each dose used (*P \ 0.03). Note that in the trough groups of both treatment doses, D 2 receptor occupancy values drop below the levels of the average occupancy of the controls. c Olanzapine: No statistically significant differences in receptor occupancy were found between the peak and trough groups at any of the doses used. The highest dose used (5 mg) produced less variability and considerable levels of D 2 receptor occupancy even at trough. Note also that there is a significant difference (P \ 0.035) when comparing the 2 and 5 mg dose group. In all graphs the ''baseline'' represents the average receptor occupancy value of the controls. p Peak; t trough. Numbers indicate doses (mg/kg/day) used in each animal group state receptor occupancy levels, and to maintain a clinically relevant D 2 receptor occupancy even in the trough groups. Our results also indicate that the use of plasma drug levels as a surrogate of D 2 receptor occupancy could be a valid monitoring tool for treatments with haloperidol and olanzapine, even when plasma drug levels are generally low and the variability (standard deviation value) of plasma drug levels within the same group of animals is higher than that of receptor occupancy measurements.
Previous studies in which plasma drug levels have been used as a drug efficacy monitoring parameter have shown high individual variability within groups of animals treated with the same dose of haloperidol or olanzapine in drinking water (see, i.e., plasma levels reported by Sakai et al. 2001a, b; Gao et al. 2005) supporting that this variability is not due to methodological issues. In addition, this variability has been shown not only in the case of animals treated through drinking water but also in the case of animals treated with mini-pumps, subcutaneous or intraperitoneal injections (see, i.e., Aravagiri et al. 1999; Kapur et al. 2003; Perrone et al. 2004) , supporting that this variability could be due to the fast clearance of these drugs and drug-derived metabolites from the bloodstream. In fact, it has been demonstrated that the half-life of these drugs is much shorter in rodents than in humans. The half life of haloperidol is 1.5 h in rodents compared to 12-36 h in humans (Cheng and Paalzow 1992; Bezchlibnyk-Buttler and Jeffries 1999) , the half life of olanzapine is 2.5 h in rodents versus 20-54 h in humans (Aravagiri et al. 1997; Bezchlibnyk-Buttler and Jeffries 1999) , and the half life of clozapine is 1.5 h in rodents compared to 5-16 h in humans (Baldessarini et al. 1993; Bezchlibnyk-Buttler and Jeffries 1999) . All these data indicate that for an accurate and reliable measurement of plasma drug levels in animals treated with drugs dissolved in drinking water, a careful design of the experiment is a key player, avoiding factors that can increase the variability such as the existence of delays between the last drug intake and blood collection for analysis. Even in the case of carefully performed experiments, the variability in plasma drug levels can be considerably high for certain drugs (present results). Since plasma levels tend to follow the same pattern as receptor occupancy levels (present results), this suggests that plasma drug levels can be used as an indicator of drug receptor occupancy achievement for olanzapine and haloperidol administered in drinking water.
One of the most striking findings of our study were the results obtained using different doses of clozapine, where a ''withdraw-like'' effect (meaning that the receptor occupancy levels decrease to values similar to animals not treated with any antipsychotic: baseline D 2 receptor occupancy level) was observed for receptor occupancy levels at trough with either dose. If we compare our clozapine treatment data with other administration methods previously used for this drug, a withdraw-like effect for clozapine has also been reported by Kapur et al. (2003) in animals treated with subcutaneous injections of this drug. These authors reported occupancy values that in some cases were below the receptor occupancy of the controls (baseline). In fact, using the same receptor occupancy assay techniques employed in the present study they reported mean D 2 occupancy values of 0.2 ± 22 at trough Fig. 2 Graphs showing the plasma drug levels achieved at peak and trough time points in the different treatment groups. a Haloperidol: Plasma levels were equivalent between the two doses used. No statistically significant differences were found between the 2 doses tested (peak + trough subgroups of each dose pooled together for the analysis). b Clozapine: note the high variability present (especially in the 40 mg peak group). No statistically significant differences were found between the two doses tested (peak + trough subgroups of each dose pooled together for the analysis). c Olanzapine: note that plasma levels are very low at trough for all three doses. One-way ANOVA did not reveal statistically significant differences among the three doses tested (peak + trough subgroups of each dose pooled together for the analysis) but a t test analysis between the different groups revealed significant differences between the 2 and 5 mg/kg/day treatment groups (*P \ 0.03) for animals treated with 15 mg/kg/day of clozapine. This suggests that trough withdraw-like effect is not a matter of the method of drug delivery or a measurement error.
Plasma drug level measurements for clozapine revealed an even higher variability than receptor occupancy values for this drug. Statistical analysis comparing plasma drug levels and receptor occupancy data for clozapine revealed a poor correlation between plasma and receptor occupancies (present results). On the contrary, olanzapine and haloperidol treated animals presented a high correlation between plasma drug levels and receptor occupancies achieved (present results).
In summary, our study demonstrates that the administration of appropriate doses of haloperidol and olanzapine in drinking water produces D 2 receptor occupancies comparable to clinical occupancy levels. In addition, plasma drug levels for these drugs can be used as a treatmentefficacy monitoring tool once the appropriate dose has been determined using more accurate methodologies like D 2 receptor occupancy.
